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We revisit the physics of neutrino magnetic moments, focusing in particular on the case where the
right-handed, or sterile, neutrinos are heavier (up to several MeV) than the left-handed Standard
Model neutrinos. The discussion is centered around the idea of detecting an upscattering event
mediated by a transition magnetic moment in a neutrino or dark matter experiment. Considering
neutrinos from all known sources, as well as including all available data from XENON1T and Borex-
ino, we derive the strongest up-to-date exclusion limits on the active-to-sterile neutrino transition
magnetic moment. We then study complementary constraints from astrophysics and cosmology,
performing, in particular, a thorough analysis of BBN. We find that these data sets scrutinize
most of the relevant parameter space. Explaining the XENON1T excess with transition magnetic
moments is marginally possible if conservative assumptions are adopted regarding the supernova
1987 A and CMB constraints. Finally, we discuss model-building challenges that arise in scenarios
that feature large magnetic moments while keeping neutrino masses well below 1 eV. We present a
successful ultraviolet-complete model of this type based on TeV-scale leptoquarks, establishing links
with muon magnetic moment, B physics anomalies, and collider searches at the LHC.
I. INTRODUCTION
When dark matter detection using nuclear recoils was
first proposed by Goodman and Witten in 1985 [1], the
idea was presented as a parasitical measurement in a neu-
trino detector proposed a few months earlier [2]. Since
then, direct dark matter searches have turned into a vast
field of research in its own right, with numerous advanced
experiments and with a community numbering in the
thousands. With the current generation of detectors, the
circle closes as dark matter experiments are becoming
sensitive probes of low-energy neutrino physics. In par-
ticular, experimental sensitivities are approaching the so-
called “neutrino floor”, an unavoidable background due
to scattering of solar and atmospheric neutrinos [3–5].
The resulting nuclear and electronic recoils are in gen-
eral indistinguishable from a dark matter signal, and
are therefore often characterized as a severe limitation
to dark matter searches. On the other hand, precision
measurements of the neutrino floor also offer tremendous
discovery opportunities for phenomena beyond the Stan-
dard Model (SM) in neutrino physics [4].
In this work, we focus in particular on neutrino
magnetic moments, which are predicted to be tiny (<
10−19 µB) in the SM [6–12], but can be substantially
larger in theories beyond the SM [9, 11, 13–15]. The
possibility that neutrino magnetic moments enhance the
neutrino floor in direct dark matter detection experi-
ments has been discussed for quite some time [4], but
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only now experiments are reaching the sensitivity to set
meaningful constraints [16].
In view of these new experimental opportunities, our
goals in this paper are the following: in section II, we dis-
cuss the event spectra for solar neutrinos recoiling against
electrons and nuclei in the presence of large neutrino
magnetic moments. Unlike much of the previous litera-
ture, we allow the mass of the right-handed neutrinos to
be much larger than the mass of their left-handed part-
ners, so that magnetic moment-induced scattering pro-
cesses νL+e
− → NR+e− and νL+XAZ → NR+XAZ can
be inelastic. Here, NR denotes the right-handed (ster-
ile) neutrinos, and XAZ is an atomic nucleus. This well-
motivated possibility opens up significant new parameter
space. We use our event spectra to derive limits from
XENON1T and Borexino data [16, 17], and to predict
the sensitivity of future observatories like DARWIN. We
also show that the excess electron recoil events reported
in ref. [16] can be explained by neutrino transition mag-
netic moments. This possibility has also been considered
in refs. [15, 18], but compared to these papers, we will
employ a much more detailed fit, including a more sophis-
ticated treatment of backgrounds and covering a much
larger energy range. We find qualitative differences com-
pared to the results of ref. [18], and we will discuss their
origin. It is worth mentioning that after the announce-
ment of the XENON1T excess in ref. [16], an avalanche
of papers has appeared offering various explanations of
the anomaly. Without being exhaustive, let us mention
two promising scenarios, namely dark photons [19–21])
and inelastic dark matter down-scattering [22, 23]. A
proposed explanation in terms of solar axions is more
difficult to realize, though see [20, 24, 25].
We will also go well beyond refs. [15, 18] in section III,
where we discuss a comprehensive set of constraints on
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2neutrino magnetic moments. In particular, we show
how astrophysical observations (stellar cooling, super-
nova 1987A), cosmological measurements (BBN, CMB),
and terrestrial experiments (neutrino scattering) disfavor
vast regions of parameter space, while nevertheless leav-
ing large swathes open. We present in particular detailed
simulations of Big Bang Nucleosynthesis (BBN) in the
presence of neutrino magnetic moments. We also outline
model-building strategies for avoiding these constraints,
showing that some options are quite simple, while others
are fairly exotic.
In the final part of the paper, section IV, we depart
from the effective field theory (EFT) description of neu-
trino magnetic moments and discuss ultraviolet (UV)
completions. Typically, large neutrino magnetic mo-
ments require fine-tuning to avoid large corrections to
the neutrino masses. We show explicit models featur-
ing TeV-scale leptoquarks, partially motivated by vari-
ous anomalies in B physics, which elegantly avoid this
problem.
We will summarize our results and conclude in sec-
tion V.
II. NEUTRINO MAGNETIC MOMENTS AND
DIRECT DARK MATTER SEARCHES
A. Modified Solar Neutrino Spectrum
Neutrino magnetic moments are described at low en-
ergies by the effective operator,
Lµ = µ
α
ν
2
Fµν ν¯
α
Lσ
µνNR + h.c. , (1)
where Fµν is the electromagnetic field strength tensor,
NR is a right-handed neutrino gauge singlet, and ν
α
L is
the SM neutrino field of flavor α. In this paper, we will
assume transition magnetic moments between νµ and NR
unless otherwise stated. This is motivated by the UV
completions we consider in section IV. To simplify our
notation, we will omit the superscript α in the follow-
ing. The factor 12 in eq. (1) is a convention usually
adopted in the literature. We imagine that the opera-
tor in eq. (1) originates from short-distance new physics
above the electroweak scale which generates the following
gauge-invariant operators
L ⊃ cB
Λ2
g′Bµν L¯LH˜σµνNR +
cW
Λ2
gW aµν L¯Lσ
aH˜σµνNR .
(2)
Here g (g′) is the SU(2)L (hypercharge) gauge coupling,
Λ is the cutoff scale, LL denotes a SM lepton doublet,
W aµν (Bµν) is the SU(2)L (hypercharge) field strength
tensor, σa are Pauli matrices, and H˜ ≡ iσ2H∗ is the con-
jugate Higgs field. After electroweak symmetry breaking,
the neutrino magnetic moment becomes
µν =
√
2e vH
Λ2
(cB + cW ) , (3)
with the Higgs vacuum expectation value vH and the
electromagnetic gauge coupling e. The operator in eq. (1)
mediates neutrino–electron scattering, νL + e
− → NR +
e−, as well as neutrino–nucleus scattering, νL + XAZ →
NR +X
A
Z . Since the masses of νL and NR can in general
be different, the scattering may be inelastic. The differ-
ential scattering rates for the two processes are [4, 26]
dσµ(νLe→ NRe)
dEr
= αµ2ν
[
1
Er
− 1
Eν
+M2N
Er − 2Eν −me
4E2νErme
+M4N
Er −me
8E2νE
2
rm
2
e
]
(4)
and
dσµ(νLX
A
Z → NRXAZ )
dEr
= αµ2νZ
2F 21 (Er)
[
1
Er
− 1
Eν
+M2N
Er − 2Eν −mX
4E2νErmX
+M4N
Er −mX
8E2νE
2
rm
2
X
]
+ αµ2νµ
2
XF
2
2 (Er)
[
2mX
E2ν
(
(2Eν − Er)2 − 2ErmX
)
+M2N
Er − 4Eν
E2ν
+M4N
1
E2νEr
]
. (5)
Here, MN is the right-handed neutrino mass, α is the
electromagnetic fine structure constant, Eν is the neu-
trino energy, Er is the electron or nuclear recoil energy,
and Z is the nuclear charge in units of e. Also, mX
and µX are the nuclear mass and magnetic moment,
respectively, while A is the number of nucleons. The
term in the first line of eq. (5) contains an enhancement
factor Z2 because in low-energy scattering the neutrino
interacts with the whole nucleus coherently. At higher
energies, the substructure of the nucleus is partly re-
solved and coherence is broken. This is described by
the nuclear charge and magnetic form factors F1(Er),
F2(Er). The charge form factor can be parameterized
as F1(Er) = 3e
−κ2s2/2[sin(κr) − κr cos(κr)]/(κr)3, with
s = 1 fm, r =
√
R2 − 5s2, R = 1.2A1/3 fm, κ = √2mXEr
(and q2 ' −κ2) [27]. For the magnetic form factor, no
such general parameterization exists. In the following,
we will neglect nuclear magnetic moments (and thus the
3whole second line of eq. (5)) because scattering on the nu-
clear magnetic moment is strongly suppressed compared
to scattering on the nuclear charge due to the absence of
Z2 enhancement.
Equations (4) and (5) should be compared to the cor-
responding expressions for neutrino–electron scattering
and neutrino–nucleus scattering in the Standard Model
[3, 4, 28, 29]:
dσSM(νee→ νee)
dEr
=
G2Fme
2piE2ν
[
4s4w(2E
2
ν + E
2
r − Er(2Eν +me))− 2s2w(Erme − 2E2ν) + E2ν
]
, (6)
dσSM(νµ,τe→ νµ,τe)
dEr
=
G2Fme
2piE2ν
[
4s4w(2E
2
ν + E
2
r − Er(2Eν +me)) + 2s2w(Erme − 2E2ν) + E2ν
]
, (7)
dσSM(νe,µ,τX
A
Z → νe,µ,τXAZ )
dEr
=
G2FmXQ
2
wF
2(Er)
8piE2ν
[
2E2ν − 2EνEr − ErmX
]
. (8)
In the last expression, Qw = 2T3−4Z sin2 θw is the weak
charge of the nucleus, which depends on its weak isospin
T3 = (2Z−A)/2. As eq. (8) accounts only for the vector
couplings of the Z boson, but not its axial-vector inter-
actions, this expression is strictly valid only for spin-0
nuclei. We will, however, use it also for nuclei with non-
zero spin because vector interactions always dominate for
heavy nuclei thanks to the enhancement by Q2w. Axial-
vector couplings do not profit from such an enhancement
because the contributions from different nucleons tend
to cancel, rather than adding up coherently like for the
vector couplings.
Note that in the literature, the term 2EνEr in eq. (8) is
often dropped because it is much smaller than the other
two terms at the recoil energies of experimental interest.
In some references, an extra term E2r is included inside
the square brackets. This term arises when the nucleus
is treated as a spin-1/2 fermion, but it should be omitted
for spin-0 nuclei. In any case, this extra term is usually
negligibly small compared to the others.
The event rate is obtained from the differential cross
section dσ/dEr according to [4]
dR
dEr
= NT (Er)
∫
Eminν
dEν
dΦ
dEν
dσ
dEr
, (9)
where NT is the number of target electrons, (Er) is the
detection efficiency, and dΦ/dEν is the neutrino flux.
We adopt the solar neutrino flux from the BS05(OP)
Standard Solar Model (SSM) introduced in ref. [30]. As
we will mostly assume that only one of the active neu-
trino flavors participates in the magnetic moment inter-
actions, we need to include also neutrino oscillations. We
do so following the standard approach (see for instance
ref. [31]), assuming fully adiabatic flavor transitions. The
lower integration boundary in eq. (9) is the minimum
neutrino energy required to attain a recoil energy Er,
Eminν (Er) =
1
2
[
Er +
√
E2r + 2meEr
](
1 +
M2N
2Erme
)
.
(10)
In fig. 1 we compare the electron and nuclear recoil
rates in the SM to those predicted in the presence of
non-zero neutrino magnetic moments, for various com-
binations of (MN , µν). For the case of massless or very
light NR (blue curve), the scaling with 1/Er at low re-
coil energies predicted by eqs. (4) and (5) is evident. The
chosen value of µν = 5.7× 10−11 µB corresponds to the
best fit point to the XENON1T low-energy excess (see
section II B below). It is important, however, to em-
phasize, that the stellar cooling limits discussed below
in section III A disfavor such large µν by more than an
order of magnitude [32] for MN . 20 keV.
If MN is larger, comparable to the center-of-mass
energy
√
s =
√
m2e + 2Eνme, the magnetic moment-
induced recoil spectrum changes shape: it vanishes below
Eminr =
M2N
2(me +MN )
(11)
because no kinematic solutions exist for any Eν . At
higher Er, the spectrum gradually increases before reach-
ing a maximum, which for a monochromatic neutrino flux
is located at a recoil energy of
Epeakr (Eν) =
2meM
4
N
8E2νm
2
e − 2meM2N (2Eν +me) +M4N
.
(12)
The maximum possible recoil energy for a given neutrino
energy Eν is reached at
Emaxr (Eν) =
1
2Eν +me
[
E2ν − 12M2N
+
Eν
2me
(√
M4N − 4M2Nme(Eν +me) + 4E2νm2e−M2N
)]
.
(13)
As different components of the solar neutrino spec-
trum switch on at different values of Er (see eq. (10)),
the event spectrum strongly depends on MN whenever
M2N/(2Erme) & 1. In fig. 1, we illustrate this by show-
ing the spectrum for one representative parameter point
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FIG. 1. The rate of neutrino-induced electron recoils (left) and nuclear recoils (right) in a dark matter detector for the Standard
Model (black curves) and for scenarios with enhanced neutrino magnetic moments (colored curves). We also include data points
from XENON1T [16] and Borexino [17] for comparison. For very light right-handed neutrinos, we observe the 1/Er scaling
predicted by eqs. (4) and (5) in that limit. For larger MN , the predicted recoil spectrum has a broad bump, and the interplay
of eqs. (4) and (5) with the shape of the solar neutrino spectrum leads to interesting spectral features.
with large MN (red curve). For the chosen case, the
XENON1T excess is accommodated by the 7Be neutrino
flux, and the higher-energy CNO, pep, 8B, and hep fluxes
lead to a substantial number of recoil events also at higher
energies. While these higher-energy events are also vis-
ible in XENON1T, they are probed with much greater
sensitivity by Borexino, as can be seen by comparing to
the XENON1T and Borexino data points which we have
included in fig. 1 for comparison. This example illus-
trates the more general statement that XENON1T will
be most sensitive at low MN , while Borexino is in a better
position to constrain models with MN & O(100 keV).
B. XENON1T
To compare the predicted magnetic moment signals in
XENON1T to the data more quantitatively, we have car-
ried out maximum-likelihood fit to both electron recoil
and nuclear recoil data. Electron recoils in XENON1T
have recently attracted significant attention due to a
∼ 3σ excess over background [16], while nuclear recoils
are the main channel for direct detection of Weakly In-
teracting Massive Particle (WIMP) dark matter, and the
channel for which dark matter detectors are optimized
[33].
We use binned electron recoil event rates in the com-
plete energy range from zero to 210 keV. For the low en-
ergy range we use the data from fig. 4 of ref. [16], while
for the range from 30 to 210 keV we take the data from
fig. 3 of the same reference. The background predictions
for the individual components are again lifted from fig. 3
of ref. [16], but in the fit we allow their normalization to
float within the uncertainties listed in Table I of ref. [16].
The neutrino signal is composed of the SM weak scatter-
ing processes described by eqs. (6) and (7), and of the
new physics piece given by eq. (4).
The event rate follows eq. (9), with the detection effi-
ciencies taken from Fig. 2 of ref. [16]. To obtain NT for
the case of XENON1T, we sum over all stable isotopes
of xenon, weighted by their natural abundances. After
computing the expected count rates according to eq. (9),
we apply Gaussian smearing based on the detector res-
olution given in fig. 2 of the supplemental material to
ref. [34].
For predicting the rate of nuclear recoils in XENON1T,
we construct bins in Er from the S1 (scintillation) and
S2 (ionization) signals, see fig. 3 in ref. [33]. The data of
interest lies in the nuclear recoil signal region in this fig-
ure. We employ Poissonian smearing in S1. The number
of photoelectrons in the S2 channels is much larger than
in the S1 channel, so the relative importance of Poisson
fluctuations in that channel is much smaller, so we ne-
glect it. The most relevant background process arises
from neutrons [35], which we include in our likelihood
analysis. Detection efficiencies are taken from fig. 1 of
ref. [33].
The results of our fit to XENON1T data are shown
in fig. 2. At low MN , our fit to electron recoil data
is consistent with the one carried out by the XENON
collaboration in ref. [16], but note that we have here
assumed that only νµ participate in the magnetic mo-
ment interaction, whereas the XENON1T collaboration
has assumed flavor-universal couplings. XENON1T Con-
straints on transition magnetic moments involving νe and
ντ are similar to the ones for νµ. We find that magnetic
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FIG. 2. Allowed 90% CL regions of the νµ–N transition magnetic moment as a function of the right-handed neutrino mass
MN . We compare the XENON1T exclusion contour including a possible tritium contamination (black dashed1) to the limits
we obtain from Borexino data (black solid) and to the projected sensitivity of DARWIN [36]. We also show in pink the
1σ and 2σ regions preferred by the XENON1T excess in the absence of tritium contamination [16]. We see that the excess
region is consistent with constraints from stellar cooling (purple region, see section III A) and BBN (red shaded region, see
section III C 1), as well as a conservative CMB constraint on Neff (blue shaded region, see section III C 2). The motivation
for considering this more conservative constraint is the fact that larger Neff is preferred by local measurements of the Hubble
constant H0. A less conservative CMB constraint (light blue) is in tension with the XENON1T-preferred region. The constraint
from SN1987A (dashed gray contours) could be in tension with XENON1T as well, but we emphasize that this constraint may
not be robust (see ref. [37], reviewed in section III B). We finally include terrestrial constraints (gray region at the top of the
plot), taken from ref. [38].
moments µν & 7× 10−11 µB are disfavored, and that the
observed excess is well explained for µν slightly below
that value. Going beyond the analysis in ref. [16], we
find that the sensitivity deteriorates at MN & 200 keV
as the lowest energy solar neutrinos no longer have suffi-
cient energy to create NR.
Comparing our results to ref. [18], we find a slightly
larger best fit value for µν at low MN , which can again
be understood from our assumption that only νµ feel
the magnetic moment interaction. At higher MN , the
authors of ref. [18] find secondary best fit regions, the
most prominent of which lies at MN ' 600 keV and
µν ' 2× 10−9 µB. Interactions in this secondary region
would be dominated by 8B neutrinos. This region does
not appear in our results due to enhancements of the
spectrum at recoil energies > 30 keV, see for instance the
red curve in fig. 1. The plateau at ∼ 100 keV that dis-
favors the MN ' 600 keV solution in our fit is driven by
the pep neutrino flux.
We have also entertained the likely possibility that
the XENON1T excess is not a sign of new physics, but
of some yet unknown SM background. Following the
XENON1T collaboration [16], we use tritium decays as a
proxy for such a background, Including this background
in our fit, we find the 90% CL limit shown in fig. 2 as
a dashed black line. In the future, we expect this limit
to improved by about a factor by the DARWIN experi-
ment [36]. We have computed the sensitivity of DARWIN
assuming the same background model as in XENON1T
(including tritium) and an exposure of 200 t · years. The
result is shown as a black dotted curve in fig. 2.
NR masses up to several tens of MeV are in principle
accessible using nuclear recoils in direct detection exper-
iments, but the reach in µν is much poorer in this case.
The resulting limit is shown as a black curve in fig. 2
and has been cross-checked against a limit derived using
Bayesian statistics in ref. [38].
Comparing to astrophysical and cosmological con-
straints, which we find that the parameter region most in-
teresting to direct detection experiments is partly probed
by stellar cooling constraints. At MN & 20 keV, these
constraints become unimportant as production of such
heavy NR is suppressed even in the hot cores of red gi-
ant stars. XENON1T’s preferred region is in possible
tension with the anomalous cooling constraint from su-
pernova 1987A and with the CMB measurement of Neff
6(the effective number of relativistic degrees of freedom
at recombination). We will discuss these constraints in
more detail in section III, but we mention already here
why these limits do not necessarily spoil the explanation
of the XENON1T excess in terms of neutrino transition
magnetic moments. For SN1987A, the argument is based
on ref. [37], which argues that the observed neutrino sig-
nal from SN1987A might not have been from the cooling
core, but rather from matter being accreted onto that
core. Such a neutrino flux would not be significantly al-
tered in the presence of NR. For Neff, early Universe
observables (Planck, Baryon Acoustic Oscillations) con-
sidered in isolation prefer a value very close to 3 (dashed
blue contour in fig. 2) [39]. Considering, however, late-
time measurements of the Hubble constant H0, some-
what larger values are preferred as they help relax the
tension between late-time and early-time measurements
of H0 [40, 41]. Another very strong constraint is imposed
by BBN (red shaded region in fig. 2, see section III C 1
for details). This constraint is only marginally consistent
with the XENON1T excess.
Figure 2 also summarizes terrestrial constraints, espe-
cially from CHARM-II, MiniBooNE, and NOMAD [38]
(see section III D for details). These limits are most rel-
evant for MN & MeV. In this mass range, they strongly
constrain the large-µν parameter region. We emphasize
that the limits from CHARM-II, MiniBooNE, and NO-
MAD are relevant only for transition magnetic moments
between νµ and NR. For νe–NR and ντ–NR couplings,
these experiments do not set a constraint.
C. Borexino
XENON1T’s constraints on neutrino magnetic mo-
ments are complemented by those based on neutrino–
electron scattering in Borexino. We have recast the
analysis performed by Borexino in ref. [17] for the low-
energy recoil region. Analogously to XENON1T the ex-
pected differential event rate is given by eq. (9). The
key differences are the increased number of target elec-
trons NT = 3× 1031 and the detector efficiency, which
for Er ∈ [200, 2600] keV is (Er) ∼ 1. To determine
the (Gaussian) energy resolution, we use the calibration
data shown in fig. 21 of ref. [42], based on injecting mono-
chromatic photons from the sources given in tab. II of the
same reference. Borexino provides the full data under-
pinning fig. 2 of ref. [17] as well as a mapping between
the number of PMT hits Nh and the recoil energy of the
event in digital form [43]. We find a 5% mismatch be-
tween the given Nh–Er mapping and the one obtained
through fitting the calibration data in fig. 21 of ref. [42]
in the region where the 7Be and pep neutrino fluxes dom-
inate. In our analysis, we correct for this mismatch by
correcting energies 5% upwards. We find that, with this
corrections, our predictions for the solar neutrino event
rates in the SM match Borexino’s predictions very accu-
rately.
To determine the 90% CL exclusion limit on the neu-
trino magnetic moment we perform a binned likelihood
fit to the data from refs. [17, 43], similar to the fit to
XENON1T data described in section II B above. For
Borexino we allow the individual background compo-
nents as well as the normalization of the various solar
neutrino fluxes to vary. The best-fit point is very well
consistent with µν = 0. The exclusion contour shown in
fig. 2 is obtained by assuming ∆χ2 to follow a χ2 distri-
bution with two degrees of freedom. As a cross-check
we compare our results to the constraint on a flavor-
universal magnetic moment obtained in ref. [44]. We find
µν < 3.1× 10−11 µB at 90% CL in this case, compared
to 2.8× 10−11 µB in ref. [44]. Note that the constraint in
fig. 2 is for couplings to muon neutrinos only, therefore
the limit appearing in the figure is weaker.
There are two key differences between the electron re-
coil constraints from Borexino and XENON1T. First, at
low MN , XENON1T is more sensitive due its lower re-
coil energy threshold, which allows it to more efficiently
probe the 1/Er-enhanced flux at low energies. Secondly,
Borexino has greater sensitivity at larger MN values due
to the larger recoil energies measured in the detector, re-
sulting in smaller Eminν cut-off values (see eq. (10)). Of
course, also the larger size of Borexino plays an impor-
tant role.
III. CONSTRAINTS
A. Stellar Cooling
1. Magnetic Moment Constraints from Stellar Cooling
Inside the hot plasma forming the core of a star, the
dispersion relation of electromagnetic excitations (called
plasmons) is modified in such a way that two-body decays
into νL + NR, induced by the magnetic moment opera-
tor from eq. (1), can become kinematically allowed. For
this to happen, it is required that NR is lighter than the
core temperature of the star. As νL and NR can escape
the star unhindered, they would constitute an efficient
energy sink, greatly increasing the rate at which the star
loses energy. Such excess energy loss, if too large, would
be grossly inconsistent with our understanding of stellar
evolution. Even under very conservative assumptions,
tight limits on neutrino magnetic moments can thus be
derived. For instance, to maintain its observed tempera-
ture in spite of the extra energy loss, the star would need
to burn more fuel and would thus exhaust its fuel sup-
ply sooner. This way, limits on µν can be derived from
the simple fact that the Sun is still around after burning
for 4.5 billion years. Stronger limits can be derived from
a more detailed comparison to stellar evolution models
[45, 46]. As the core temperature of the Sun is of or-
der keV, these limits extend up to right-handed neutrino
masses of the same order. The reach in MN can be ex-
tended by about an order of magnitude by looking at the
7evolution of red giant stars [32, 45, 47, 48]: at the tip of
the red giant branch in the Hertzsprung–Russell diagram,
where the helium flash occurs, the core temperature is on
the order of 10 keV.
Starting from eq. (1), we compute the decay rate of
transverse plasmons into ν +NR in the comoving frame,
Γγ∗ =
|µν |2K4
24pi ω
(
1− M
2
N
K2
)2(
1 + 2
M2N
K2
)
θ(K −MN ) ,
(14)
where θ(x) is the Heaviside step function, ω and k are
the plasmon energy and momentum, respectively, and
K =
√
ω2 − k2 is the effective plasmon mass. The energy
loss per unit volume is (see Appendix B of ref. [49])
Q =
∫ ∞
0
k2dk
pi2
∫ ∞
M2N
dω2
pi
ω ΓT
(K2 − ω2p)2 + (ωΓT )2
ω Γγ∗
eω/Tγ − 1 ,
(15)
where ΓT = 8piα
2ne/3m
2
e is the Thomson scattering rate.
The plasma characteristics for a red-giant core just be-
fore helium ignition are taken from Table D.1 of ref. [45].
In particular, ωp = 18 keV, Tγ = 8.6 keV and ne =
3× 1029 cm−3. We rely on the recent analysis of glob-
ular clusters in ref. [48], which sets an upper limit on the
active neutrino magnetic moment |µν | < 2.2× 10−12 µB.
In order to recast this bound for the case of massive MN ,
we equate the energy loss in eq. (15) for massive and
massless N , and solve for the unknown µν(MN ). The
obtained limits on µν as a function of MN are shown in
fig. 2 as the purple exclusion region. ForMN smaller than
the plasma frequency ωp, the dominant effect comes from
on-shell plasmon decays and the propagator in eq. (15)
can effectively be approximated by the delta function
∝ δ(K2 − ω2p). Instead, when MN > ωp, the cooling
process γ + e− → e− + N + ν quickly becomes phase-
space suppressed with increasing MN .
2. Avoiding Stellar Cooling Constraints
Even though stellar cooling bounds are extremely ro-
bust, they are evaded in models in which the properties
of the NR depend dynamically on the surrounding mat-
ter density. Such “chameleon” models have been pro-
posed originally to explain dark energy [50], but have
also been invoked in other contexts, for instance to avoid
stellar cooling constraints on axion-like particles [20, 51–
56]. Consider a very light scalar field φ coupled to NR
through an operator of the form
LφR ⊃ λφRφN cRNR , (16)
with a dimensionless coupling constant λφ. This operator
implies that the NR mass will be larger in environments
of large NR density such as the cores of stars. At the
edge of the solar core (radius 0.1R), the NR mass shift
due to the operator in eq. (16) will be of order
∆mRR ∼ 0.8 keV × λ2φR
(
meV
mφ
)2(
nR
1011 cm−3
)
(17)
for an NR that would otherwise saturate the solar cool-
ing bound. To arrive at this estimate, we have as-
sumed that all emitted NR have an energy of order
T ∼ 1.5× 106 Kelvin, that the total NR luminosity
equals the solar luminosity, and that the coupling λφ is
of order one.
If φ couples not only to NR, but also to SM quarks,
the mass shift becomes proportional to the number den-
sity of SM fermions, which in the solar core (ρ '
150 grams/cm3) is 15 orders of magnitude larger than
the NR number density that went into eq. (17), nNR '
1011 cm−3. On the other hand, φ couplings to SM
fermions would typically proceed through mixing with
the Higgs boson, which would lead to extra suppres-
sion by the small fermion Yukawa couplings and by the
Higgs mixing angle θ, which is typically of order the
mass ratio mφ/mH . Writing the φ coupling to quarks as
Lφq ⊃
∑
q λφq(
√
2mq/vH)(mφ/mH)φ q¯q, an additional
contribution to the NR mass of order
∆mRq ∼ 0.008 keV × λφRλφq
(
meV
mφ
)(
mq
93 MeV
)
(18)
ensues. To arrive at eq. (18), we have used the den-
sity of the solar core, ρ = 150 grams/cm3 [30], the
SM Higgs mass mH = 125 GeV, and the SM Higgs vev
vH = 246 GeV [12]. For the quark content of the nucleon,∑
qmq 〈q¯q〉, we have used the numbers from ref. [57]. We
see that the mass shift due to the coupling to quarks will
dominate for mφ & eV and for small nR . 1× 108 cm−3.
In these parameter regions, however, the magnitude of
the shift is too small to evade stellar cooling constraints.
For that, only the small-mφ regime (mφ  eV) is inter-
esting, where the contribution from eq. (18) can be safely
neglected compared to the one from eq. (17).
B. Supernova 1987A
The reasoning that leads to stellar cooling constraints
also applies to supernovae. The production of NR
through a magnetic moment operator would open up
an efficient energy sink, which in turn would lead to
faster cooling of the proto-neutron star [45, 58]. As a
consequence, thermal emission of neutrinos would de-
cline faster, and the duration of the observed neutrino
burst would be shorter. Given that neutrinos from su-
pernova 1987A were observed for about 10 seconds [59–
61], bounds can be derived on the neutrino magnetic mo-
ment and on the mass of the right-handed neutrinos. The
corresponding exclusion region (dashed gray contour in
fig. 2), taken from ref. [58], shows several characteris-
tic features: obviously, very low µν . few × 10−13 µB
8cannot be constrained because the rate of NR produc-
tion is too small to be detectable in this case. How-
ever, the region with µν & few × 10−10 µB cannot be
constrained either. There, NR interact too frequently
to leave the supernova core, in spite of being copiously
produced. Therefore, they do not contribute efficiently
to the cooling of the core. Finally, the constraint peters
out at MN & 100 MeV, where NR are too heavy to be
produced in plasmon decays.
While supernova constraints are part of the stan-
dard canon in studies of neutrino magnetic moments
(and other manifestations of new physics at scales .
100 MeV), they have recently been called into question
[37]. The argument is that there is no evidence the neu-
trinos observed from SN 1987A were actually emitted
from the core region of the exploding star. Rather, a hot
accretion disk may have formed around a fast-rotating
core, and the observed neutrino flux may have originated
from this disk. As an accretion disk (unlike a supernova
core) is optically thin not only to NR, but also to νL, the
production of NR through a magnetic moment interac-
tion would not lead to significant extra energy loss.
Even if the concerns raised in ref. [37] should be dis-
proven with future observations, supernova constraints
can still be relaxed by dedicated model-building along
the lines of section III A 2. In particular, chameleon-like
NR, whose mass and/or couplings differ in the dense en-
vironment of a supernova core from those in vacuum can
be invoked to prevent the production of NR in super-
novae, or to trap them inside to avoid excess cooling.
C. Cosmology
Just as in stars and supernovae, the magnetic moment
operator from eq. (1) also opens a channel for producing
NR in the early Universe. For values of µν large enough
to be observable, NR will always thermalize in the early
Universe, unless the reheating temperature is extremely
low. The main cosmological consequences of the resulting
population of NR are twofold:
• While NR are relativistic, they contribute to the
expansion rate, often parameterized in terms of the
effective number of neutrino species, Neff.
• NR → νL + γ decays inject extra photons into the
Universe.
Neff is measured both at recombination and at the BBN
epoch, with the CMB allowing a deviation of about 0.3
from the SM value Neff = 3.045 at 95% C.L. [62, 63],
and BBN being even more restrictive (Neff . 3.2 at 95%
C.L.) [64]. This implies that NR should either never ther-
malize, or they should decay away before BBN, or they
should decouple above the electroweak scale so that sub-
sequent entropy production in the SM sector dilutes them
sufficiently to satisfy these constraints. A naive estimate
for the NR decoupling temperature Tdec is obtained by
equating the NR production rate ∼ αµ2νT 3 to the Hub-
ble rate ∼ T 2/MPl, where MPl is the Planck mass. This
yields
Tdec ' 1.28 GeV ×
(
10−11 µB
µν
)2
. (19)
This shows that sufficiently early decoupling is only
achieved if µν is two to three orders of magnitude be-
low the sensitivity of XENON1T.
From the NR lifetime,
τN =
16pi
µ2νM
3
N
= 3760 sec×
(
1× 10−11 µB
µν
)2(
MeV
MN
)3
, (20)
we see that MeV-scale NR will typically not decay before
BBN. They will, however, decay before recombination if
µν is in the observable range. Therefore, the CMB is
sensitive to µν only through Neff, while the impact of a
neutrino magnetic moment on BBN is more involved [65,
66]. We will now describe in detail how we derive BBN
limits on neutrino transition magnetic moments.
1. Big Bang Nucleosynthesis
If NR decays occur before the formation of heavy el-
ements (T ' 100 keV), but after the freeze-out of weak
interactions that can convert protons to neutrons (T '
1 MeV), their main effect is through the modified expan-
sion rate. Their presence in the Universe means that
p ↔ n interactions freeze out faster, leading to a larger
neutron-to-proton ratio. Moreover, their decays alter the
expansion and cooling rates and thus the time available
for neutrons to decay and for BBN to proceed. If NR de-
cays happen after BBN, the extra photons fromNR decay
decrease the baryon-to-photon ratio η. As η is precisely
measured during recombination, this effect needs to be
compensated by a larger η during BBN. Larger η ren-
ders deuterium disintegration less efficient. Once again,
the presence of NR before the onset of BBN implies that
p↔ n reactions freeze out faster, and that neutrons have
less time to decay. All three effects imply larger abun-
dances of heavy elements.
To make these statements more quantitative, we have
used a modified version [66] of the AlterBBN code [67, 68]
that was kindly provided to us by Paul Frederik Depta,
Marco Hufnagel, and Kai Schmidt-Hoberg, who devel-
oped it to constrain axion-like particles in ref. [66]. As in-
put, this code requires a table listing the relation between
cosmological time t, the photon temperature Tγ , the neu-
trino temperature Tν , the Hubble parameter H, and the
photon number density. We obtain these quantities by
solving the following set of (integrated) Boltzmann equa-
tions that describe the evolution of the photon, elec-
tron+positron, SM neutrino, and NR energy densities
9ργ , ρe, ρν , and ρN :
ρ˙γ = −4Hργ + 〈σv〉ee (neρe − neqe ρeqe ) + 12ΓN (ρN − ρeqN ) ,
ρ˙e = −seHρe − 〈σv〉ee (neρe − neqe ρeqe ) ,
ρ˙ν = −4Hρν + 12ΓN (ρN − ρeqN ) + ΓeN (ρN − ρeqN ) ,
ρ˙N = −sN − ΓN (ρN − ρeqN )− ΓeN (ρN − ρeqN ) .
(21)
We now discuss the terms in these equations one by one.
The first term in each equation describes dilution and
redshifting due to Hubble expansion. For the massive
species, this term includes a factor s(m,T ), which ac-
counts for the transition from a relativistic to a non-
relativistic species. It is given by
si ≡ T∫
dp fi(mi, Ti, p)
∫
dp
dfi(mi, Ti, p)
dT
, (22)
where fi(mi, Ti, Ti0, p) is the phase space distribution
function of species i = e,NR. For electrons and positrons
this is just the equilibrium distribution. For NR, we use
the equilibrium distribution while the rates ofNR ↔ γ+ν
andNR+e↔ νL+e are larger than the Hubble rate. Oth-
erwise, we use the distribution function for a species that
has decoupled while still relativistic. As we will see that
there are no parameter points at which NR decouples
while non-relativistic, this approximation is sufficient for
our purposes.
In the terms describing e+e− annihilation in eq. (21),
we approximate the annihilation cross section as 〈σv〉ee ≈
min[α2/T 2γ , α
2T 2γ /(4m
4
e)], with α the electromagnetic fine
structure constant and Tγ the photon temperature. This
very rough approximation is sufficient to ensure that the
e+e− energy density follows its equilibrium value,
ρeqe = (2T
4
γ /pi
2)Jf (me/Tγ) , (23)
where Jf (x) is a normalized integral over the Fermi-Dirac
distribution:
Jf (x) ≡
∫
dy
y2
√
x2 + y2
exp(
√
x2 + y2) + 1
. (24)
The equilibrium number density ne of electrons and
positrons is defined in an analogous way as
neqe = (2T
3
γ /pi
2)If (me/Tγ) , (25)
with
If (x) ≡
∫
dy
y2
exp(
√
x2 + y2) + 1
. (26)
We calculate the actual number density, ne from
the energy density according to ne = ρe/Tγ ·
If (me/Tγ)/Jf (me/Tγ).
There are two terms in eq. (21) that can alter the num-
ber density of NR. The one containing ΓR = 1/τR de-
scribes NR → γν decays and their inverse. This term
contains the NR equilibrium density ρ
eq
R , which we com-
pute in analogy to eq. (23), with the obvious replacement
me → MN and the perhaps not so obvious replacement
Tγ → TR = 12 (Tν + Tγ). Choosing this value for the NR
equilibrium temperature, we account for the fact that
NR decays to both neutrinos and photons. There is also
a term describing the 2 ↔ 2 process e + NR ↔ e + νL.
We obtain the corresponding rate ΓeN by computing the
thermally averaged cross section 〈σv〉eN and multiplying
by ne.
The treatment of the cosmological evolution outlined
here is of course simplified – a more precise calculation
would track not the integrated energy densities ργ,e,ν,R,
but rather the individual phase space distribution func-
tions. We have, however, verified that we can reproduce
quite well the results of ref. [66] for the case of axion-
like particles (ALPs), especially for the 4He abundance.
The latter is measured by the parameter Yp ≡ ρ(4He)/ρb
which gives the 4He mass fraction relative to the total
baryonic mass density ρb. We have also verified that we
correctly predict Neff = 3.0 in the SM at the CMB epoch.
(The small correction to Neff stemming from e
+e− anni-
hilation into neutrinos is ignored here as we will never
use the absolute value of Neff, but only differences with
respect to the SM.)
We plot our predictions for Yp as a function of the
right-handed neutrino mass and lifetime in fig. 3 (a). The
corresponding constraint is also shown in fig. 2 as a red
shaded region. Several different regimes are apparent,
which can be understood given the arguments at the be-
ginning of this section. At large mass and long lifetime,
NR decouple early, but remain abundant long after they
have turned non-relativistic. The Universe thus enters a
fully or partially matter-dominated phase, where it ex-
pands faster. Thus, p ↔ n interactions freeze out faster
and there is thus less time for neutrons to decay, imply-
ing larger abundances of the heavy elements. Moreover,
when the NR eventually decay, a large amount of energy
is deposited in the photon and neutrino baths, decreasing
the baryon-to-photon ratio η at recombination. To com-
pensate, η must have been larger during BBN, rendering
deuterium disintegration less efficient and once again con-
tributing to larger abundances of the heavier elements.
In the opposite limit of sub-MeV right-handed neutrinos,
the NR always decay after BBN. Once again, their pres-
ence during BBN implies a larger expansion rate, and
their decays alter the baryon-to-photon ratio, leading to
more efficient production of heavy elements. It is in-
teresting that there is a sweet spot for MeV-scale NR
decoupling at a temperature of around 10 GeV. In this
case, the NR decouple sufficiently early to be depleted
by entropy production during the QCD phase transition,
while at the same time their mass is low enough to never
dominate the energy density of the Universe.
It is important to note, though, that this sweet spot ex-
ists only for Yp. It is disfavored by the Neff measurement
at the CMB epoch (see fig. 3 (b) and discussion below
in section III C 2), and also by the measured deuterium
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FIG. 3. (a) The predicted 4He mass fraction Yp ≡ ρ(4He)/ρb in the presence of right-handed neutrinos of mass MN , decaying
after a lifetime τN via NR → νL + γ. The observational constraint Yp = 0.245 ± 0.006 (2σ) is taken from ref. [12]. We also
show, as blue dotted contours, the temperature at which NR freeze out from the thermal plasma (before recoupling later via
NR ↔ νL+γ). The unsteady behavior in the upper left-hand part of the plot is due to numerical instability. (b) The predicted
deviation of Neff, the effective number of relativistic degrees of freedom at recombination, from the SM expectation. We use
Neff = 2.90
+0.30
−0.32 (2σ) for the current limit [39], and Neff = 3.045± 0.06 (2σ) for the expected sensitivity of CMB-S4 [69]. The
blue contours in this panel are the same as in panel (a).
abundance. We do not include the latter in our suite of
constraints because our predictions for this quantity are
slightly less accurate than the ones for Yp (as determined
by comparing the results from our code to the ones from
ref. [66] for the case of ALPs). We attribute this to the
fact that we only track energy densities rather than full
distribution functions.
We also do not consider the 3He abundance, which
would only lead to a very weak constraint in the up-
per right-hand corner of the MN–τN plane. The
3He
abundance can be measured only locally, so its primor-
dial abundance, which must be smaller than the local
one, remains unknown.
2. Cosmic Microwave Background
Besides BBN, also the Cosmic Microwave Background
(CMB) constrains the existence of NR, in particular
through the measurement of the effective number of de-
grees of relativistic degrees of freedom, Neff. Our solution
to eq. (21) also yields a prediction for Neff at the time of
recombination. As we have made simplifications in our
treatment of e+e− annihilation (in particular by neglect-
ing Z-mediated annihilation to neutrinos), we consider
only the difference ∆Neff between the value of Neff pre-
dicted by solving eq. (21) in the presence of non-zero µν
and the value Neff = 3.0 predicted by these same equa-
tions in the SM. Our predictions for ∆Neff are shown
in fig. 3 (b), and the corresponding constraints are also
included in fig. 2 as blue contours.
The qualitative behavior observed in fig. 3 (b) is sim-
ilar to the one we have seen in fig. 3 (a). At large MN
and long lifetime, the Universe enters a phase of matter
domination. The NR eventually decay after neutrino de-
coupling, injecting half of the decay energy into the pho-
ton bath and the other half into neutrinos. As by that
time the energy density of neutrinos is smaller by a fac-
tor (4/11)4/3 ' 0.26 than the energy density of photons,
the relative impact onto the neutrinos is larger, thus Neff
increases. At low MN and small τN , a rather interesting
phenomenon occurs: As both the decay NR ↔ γ+ ν and
the inelastic scattering process NR+ e↔ ν+ e remain in
equilibrium for a very long time, they keep photons and
neutrinos in equilibrium for much longer than in the SM.
Neff thus overshoots the SM value by a large amount.
Between these two extremes, there is again a sweet spot
where NR decouple at about Tdec ' 10 GeV, sufficiently
early to be substantially depleted during the QCD phase
transition. At the same time, their mass is too low to
compensate this depletion. Therefore, in this parameter
region, the energy density of NR never plays in important
role during the evolution of the early Universe.
Besides setting a limit on Neff, CMB observations also
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constrain neutrino magnetic moments in a more direct
way. In particular, the CMB spectrum is sensitive to any
extra energy injected at late times by NR decays [70, 71].
However, fig. 5 in ref. [71] shows that the corresponding
limits are always weaker than BBN constraints for NR
lifetimes < 1012 sec. As lifetimes longer than this are
outside the range of our plots, we will ignore these limits
in the rest of this paper.
3. Avoiding Cosmological Constraints
Avoiding or weakening BBN and CMB constraints is
not easy from a model-building point of view. One strat-
egy is to prevent right-handed neutrino production in the
early Universe altogether, for instance by coupling NR to
a scalar field ϕ whose vev evolves slowly over cosmological
history [72, 73]. The corresponding operator λϕϕN cRNR
generates a dynamical contribution to the NR mass. If
MN  T in the early Universe, NR production is forbid-
den and cosmological constraints are avoided.
Another possibility is the introduction of a second, in-
visible, decay mode for NR which dominates over NR →
νL + γ. That way, injection of extra photons is avoided
and only constraints on Neff are relevant. As discussed
above, these are satisfied if NR decoupling is pushed to
sufficiently early times, or if extra entropy is produced be-
tween NR decoupling and BBN. One possibility for such
an extra decay mode could be NR → N ′R + φ, where N ′R
is a second SM-singlet fermion and φ is a singlet scalar.
Both N ′R and φ would need to be significantly lighter
than MN , and the coupling λφφN¯RN
′
R should be large.
More precisely, the decay rate for NR → N ′R + φ is
Γ(NR → N ′R + φ) =
λ2φ
32piM3N
(M2N +M
′2
N −m2φ)
×
√
(M2N −M ′2N +m2φ)− 4M2Nm2φ . (27)
In the limit M ′N , mφ → 0, this becomes
Γ(NR → N ′R + φ) ' 6.6× 10−20 sec× λ2φ
( MN
MeV
)
. (28)
That is, even for fairly small λφ, rapid decays can be
realized. While a detailed study of such a scenario is
beyond the scope of this work, it is qualitatively that,
If MN & MeV, the NR can be made to decay away
before BBN becomes sensitive to their presence. For
smaller MN , at least the injection of extra photons can
be avoided.
D. Terrestrial Constraints
While astrophysical and cosmological probes are par-
ticularly sensitive to relatively small neutrino magnetic
moments, terrestrial experiments are essential for con-
straining parameter regions with large MN and/or large
µν , where astrophysics and cosmology are often not sen-
sitive. For large MN , this is because the temperatures
at which the constraining processes occur are too low to
produce NR. At large µν , stellar cooling arguments are
ineffective even for small MN because NR, while copi-
ously produced in stars, would be trapped and therefore
would not contribute significantly to stellar energy loss.
On Earth, NR can be produced in beam dump experi-
ments via upscattering of light neutrinos in the detector
or close to it (νL + X
A
Z → NR + XAZ ), followed by the
decay NR → νL + γ inside the fiducial volume. More-
over, NR can be produced in meson decays close to the
beam dump. In collider experiments, the main produc-
tion channels are e+e− → NRνL (LEP), q¯q → NRνL,
and q¯q′ → NR` (LHC), where q, q′ are SM quarks and `
is a SM lepton.
The terrestrial constraints shown in fig. 2 are taken
from the compilation in ref. [38]. They are based on
refs. [74, 75] for CHARM-II, on refs. [58, 76] for Mini-
BooNE, and on refs. [75, 77] for NOMAD.
IV. ULTRA-VIOLET COMPLETION
In many ultraviolet (UV) extensions of the SM, tran-
sition magnetic moments between active and sterile neu-
trinos within the reach of direct dark matter detection
experiments are disfavored or require severe fine-tuning.
The reason is that large magnetic moments are often ac-
companied by prohibitively large contributions to the ac-
tive neutrino masses. More precisely, when removing the
photon line from the loop diagrams generating the mag-
netic moment, one typically obtains a contribution to
the neutrino mass renormalization. In the following, we
discuss the degree of fine-tuning required to circumvent
this problem, and we show how tuning can be avoided in
models with TeV-scale leptoquarks.
Neutrino masses and magnetic moments —
Given that the loop diagrams generating active-to-sterile
transition magnetic moments µν and the ones inducing
Dirac masses mνN are often closely related (see for in-
stance fig. 4), a natural relation between µν and mνN is
given by
µν
µB
≈ memνN
Λ2
, (29)
where Λ is the mass scale of the UV completion. To re-
call, a Dirac mass term has the form L ⊃ mνN ν¯LNR, and
the magnetic moment operator is L ⊃ 12µν ν¯LσµνNR Fµν ,
see eq. (1). For new physics at the electroweak scale, and
µν within reach of XENON1T, the natural expectation
is mνN & O(MeV). Only by allowing for tuning be-
tween mνN and other contributions to the active neutrino
masses, the desired neutrino mass range mν  1 eV can
be achieved. Additional contributions to neutrino masses
can arise, for instance, from the type-I seesaw mecha-
nism [78–81]. In this case, the generic expectation for
the RH neutrino masses is MN ≈ m2νN/mν , far above the
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mass range of interest to dark matter experiments. Tun-
ing the tree-level Yukawa coupling LY ⊃ yν L¯LH˜NR such
that the resulting tree-level contribution to the Dirac
mass, yνvH/
√
2, nearly cancels the loop-induced con-
tribution, the RH neutrino masses can be lowered to
the MeV scale while keeping the active neutrino masses
mν  eV. As a side comment, note that the mag-
netic moment interaction also contributes to the Majo-
rana mass term of NR at one-loop, see Fig. 3 in ref. [58].
This contribution is of order µ2νΛ
2MN/(16pi
2), so for the
values of µν and MN that are of interest to XENON1T
and Borexino, and for Λ ∼ TeV, it is negligible.
In the inverse seesaw mechanism [82–84], lepton num-
ber conservation makes active neutrinos (almost) mass-
less, while the sterile neutrino is a massive (pseudo) Dirac
fermion. Thus, two gauge singlet Weyl fermions, NL and
NR, are present. Gauge symmetry and lepton number
conservation allow the mass terms L ⊃ −mνN ν¯LNR −
mN N¯LNR + h.c.. The mixing tan θνN = mνN/mN ro-
tates gauge to mass eigenstates, predicting one massless
chiral fermion and one massive Dirac fermion with mass√
m2νN +m
2
N . To obtain the observed non-zero masses
for the active neutrinos, a small violation of lepton num-
ber is needed on top of this. Thus, the inverse seesaw
mechanism can bring the sterile neutrino mass down to
the range interesting for dark matter experiments with-
out tuning, but at the expense of introducing a large
active–sterile mixing angle, θνN . The laboratory con-
straints on θνN from weak interactions depend on the
sterile neutrino mass and the active flavor it mixes with.
The limits are stronger for νe than for νµ and in partic-
ular ντ , requiring mνN to be at least an order of mag-
nitude below mN for the relevant mass range [85–89].
Indeed, saturating the laboratory limits on the mixing
angle is possible without terrible tuning of mνN . How-
ever, keeping the mixing angle below cosmological limits
while retaining a large neutrino magnetic moment again
requires tuning of mνN .
A leptoquark model — As a particular class of UV-
complete theory featuring large µν at one loop, let us
consider models with TeV-scale leptoquark (LQs). We
assume the dominant LQ coupling is with the third
family of quarks, such that µν does not suffer a large
Yukawa suppression from the quark running in the loop.
Another independent motivation to consider this setup
comes from flavor physics. In particular, third genera-
tion leptoquarks are prime candidates for addressing the
ongoing anomalies in B-meson decays [90–98]. A scalar
leptoquark S1 with SU(3)c × SU(2)L × U(1)Y quantum
number (3¯,1, 1/3) is a prominent successful model pro-
posed in ref. [99]. The relevant Lagrangian is
LS1 ⊃ y1 b cRNR S1 + y2Q3LLi cL S†1 + h.c. . (30)
where Q3L, L
i
L, bR, and NR are a left-handed SM quark
doublet of the third generation, a left-handed lepton dou-
blet of flavor i, a right-handed bottom quark, and a right-
handed neutrino, respectively, while the superscript c
denotes a charge-conjugated field. Here, y1 and y2 are
dimensionless Yukawa couplings. It is implied that the
SU(2) (anti)doublets ψ and χ are contracted with the
two-dimensional Levi-Civita tensor, ψ χ ≡ ψ1χ2 − ψ2χ1.
The leading one-loop contribution to the νi–NR transi-
tion neutrino magnetic moment is
µν ≈ e y1y2
8pi2m2LQ
mb log
m2b
m2LQ
, (31)
where mb is the bottom mass, and mLQ is the mass of
the LQ. Thus, for y1y2 ≈ 0.05 and mLQ ≈ 1 TeV, one ob-
tains |µν | ≈ 3× 10−11 µB, which is indeed within reach
of XENON1T. Larger µν would require larger Yukawa
couplings; given the existing collider searches for lepto-
quarks at the LHC (discussed for instance in the recent
review [100]), choosing mLQ below a TeV is not an op-
tion.
In any case, as already pointed out, a sizeable contri-
bution to the Dirac mass term mνN is generated by the
diagrams in fig. 4 (with the photon line removed) and has
to be tuned against the tree-level neutrino mass term.
Muon g − 2 — Before we address this problem, let
us first make a comparison with the charged-lepton mag-
netic moments, focusing on the muon case. The lep-
toquark interaction in eq. (30) will induce a contribu-
tion to the anomalous muon magnetic moment ∆aµ sup-
pressed by the muon mass. For mLQ ∼ 1 TeV and
y2 ∼ 1, the contribution to ∆aµ is about an order of mag-
nitude smaller than the observed discrepancy between
the theoretical prediction and the measurement by the
E821 experiment at BNL [101]. In other words, in this
model, neutrino transition magnetic moments observable
in XENON1T are not in conflict with measurements from
the charged-lepton sector. In fact, the current anomaly
in muon g − 2 can be fully accommodated if additional
interactions are present. The S1 leptoquark has another
independent gauge invariant interaction, L ⊃ y′1 t cReiR S1,
with the right-handed top quark and a charged lepton.
Even a small coupling, y′1 ∼ 10−3 is enough to accom-
modated ∆aµ, owing to the chiral enhancement from the
top quark in the loop [102]. The corresponding one-loop
correction to the muon mass in this case is below the
tree-level one.
Voloshin mechanism with leptoquarks — We now
review a mechanism for breaking the relation eq. (29) be-
tween neutrino magnetic moments and neutrino masses,
and we implement this mechanism in the context of
TeV-scale leptoquarks. The basic observation is that,
due to the Lorentz structure of the defining operators,
the neutrino mass matrix is symmetric while the mag-
netic moment matrix is antisymmetric in flavor space.
This feature is exploited by the Voloshin mechanism for
one-loop models [103]. Voloshin postulated an approx-
imate global SU(2)H symmetry, under which (ν
c
L , NR)
transforms as a doublet, thus allowing the magnetic mo-
ment term N¯Rσ
µννL − ν cLσµνN cR , which is an SU(2)H
singlet, while forbidding the SU(2)H triplet mass term
N¯RνL + ν cLN
c
R .
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S1/31 , R˜−1/32
bL,R bR,L
NRνL
H
γ
FIG. 4. The one-loop contribution to the neutrino magnetic
moment induced by eqs. (30) and (32). Note that both S
1/3
1
and R˜
−1/3
2 can run in the loop. If the photon line is removed,
these diagrams also contribute to neutrino masses. Combin-
ing S
1/3
1 and R˜
−1/3
2 into a doublet under a horizontal SU(2)H
symmetry, their one-loop contributions to neutrino masses
cancel exactly, while no cancellation occurs for the magnetic
moment.
To realize this mechanism in the leptoquark scenario,
we add in addition to S1 a second leptoquark R˜2 ≡
(3,2, 1/6), with interactions
LR˜2 ⊃ −y1 R˜
†
2 b
c
RL
ic
L + y2Q
3
LNR R˜2 + h.c. . (32)
Note that L ⊃ LR˜2 + LS1 respects the global SU(2)H
symmetry under which (R˜
−1/3
2 , S
†
1) and (ν
c
L , NR) trans-
form as doublets. The SU(2)H symmetry of this sector
is preserved by QCD and QED, but is explicitly broken
by SU(2)L × U(1)Y gauge interactions and by the lep-
ton Yukawa couplings. In the limit of an exact SU(2)H ,
the Dirac mass term mνN is exactly zero, while a transi-
tion magnetic moment is generated. In other words, the
two diagrams fig. 4 (without the photon) cancel exactly
since the SU(2)H symmetry requires the leptoquarks to
be mass-degenerate, and the product of the couplings in
the red vertices to be equal and opposite in the two di-
agrams. For the neutrino magnetic moment (fig. 4 with
the photon included), the relative sign between the two
contributing diagrams is flipped thanks to the opposite
electric charges of the particles to which the photon line
is attached. Note that SU(2)H encompasses lepton num-
ber, thus the leptoquark loops will not generate a Majo-
rana mass term for neutrinos.
There are several terms in the Lagrangian that explic-
itly break SU(2)H symmetry:
1. The charged lepton Yukawa couplings. This source
of SU(2)H breaking is small thanks to the smallness
of the charged lepton Yukawa couplings.
2. Electroweak radiative corrections. These terms, re-
lated to the different SU(2)L × U(1)Y quantum
numbers within the SU(2)H multiplets, are some-
what more important. Radiative corrections are
still suppressed by α/(4pi), so while they do gener-
ate a neutrino Dirac mass mνN , it is suppressed by
more than three orders of magnitude compared to
its value in leptoquark models without the Voloshin
mechanism. In other words, the cancellation of the
diagrams in fig. 4 is still spoiled, but only at the
two-loop level.
3. The Majorana mass term for the right-handed neu-
trino, which breaks not only SU(2)H , but also lep-
ton number, thus feeding into the active neutrino
masses by the type-I seesaw formula.
In spite of these SU(2)H breaking terms, even for an
MeV-scale right-handed neutrino only a mild cancella-
tion between the loop-induced and tree level mass terms
is needed to obtain the correct active neutrino mass scale
and to sufficiently suppress the mixing angle. If some-
what more fine-tuning is accepted, it is also possible to
generate active neutrino masses predominantly through
yet another SU(2)H breaking source, namely by intro-
ducing an independent term (L¯LH˜)(H˜
TL cL). Finally, if
the inverse seesaw mechanism is invoked, neutrino masses
and mixing angles can be completely decoupled.
B-meson anomalies — To connect the discussion to
far to various hints for lepton flavor universality violation
in B-decays, note that these hints can be explained by a
scalar leptoquark with SM quantum numbers (3¯,1, 1/3),
coupled predominantly to third generation quarks [90–
98]. This is precisely our S1 leptoquark. In fact, the S1
leptoquark can act as a mediator both in neutral current
transitions, b → s`+`−, and in charged current transi-
tions, b→ cτν. Here we discuss the two cases separately.
The charged current anomaly in
R(D(∗)) ≡ BR(B → D
(∗)τν)
BR(B → D(∗)µν) (33)
requires leptoquark couplings to tau leptons (i = 3 in
eq. (30)), implying a connection with the ντ transition
magnetic moment. The effect on R(D(∗)) is generated
by tree-level leptoquark exchange between the quark and
lepton currents. Two different scenarios are possible de-
pending on the neutrino into which the B-meson de-
cays. If in eq. (30) one imposes y1  y2, decays into
ντ will dominate, as suggested in refs. [99, 104]. The pre-
ferred parameter range is roughly mLQ ∼ O(TeV) and
y2 ∼ O(1). In the other scenario, the coupling y1 in
eq. (30) dominates, so the B-meson decays into the ster-
ile neutrino NR, see refs. [105, 106]. Interestingly enough,
the parameter range of interest for both, B-decays and
the neutrino magnetic moment, has a sizeable overlap.
The neutral current anomaly in the ratio
R(K(∗)) ≡ BR(B → K
(∗)µ+µ−)
BR(B → K(∗)e+e−)
∣∣∣
q2min<q
2<q2max
, (34)
requires a leptoquark coupling to muons or electrons
(i = 2 or i = 1 in eq. (30)), implying a connection with νµ
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or νe transition magnetic moment. In refs. [99, 104], the
dominant effect in b → sµ+µ− transitions comes from a
box diagram at one-loop induced by the y2 coupling from
eq. (30). Interestingly, the anomalies are again explained
for mLQ ∼ O(TeV) and y2 ∼ O(1), the same parameter
range required to generate a sizeable neutrino magnetic
moment. Note that the additional presence of the R˜2 lep-
toquark does not give corrections to R(K(∗)) if only the
interactions in eq. (32) are present. Another direction to
be explored is to utilize R˜2 at tree-level, introducing a
small leptoquark coupling with the right-handed strange
quark, as done for example in ref. [107]. A detailed anal-
ysis of flavor physics constraints on the generation of neu-
trino magnetic moments is left for future work.
Magnetic moment νe → νµ with leptoquarks —
Let us finally discuss how transition magnetic moments
among the active neutrinos can be generated in models
without heavier sterile states. In most models, this re-
quires severe tuning to avoid too large neutrino masses.
As shown in ref. [108], operator mixing under renormal-
ization sets a stringent naturalness bound for active neu-
trinos of Dirac type. This bound is avoided in the case
of transition magnetic moments if the active neutrinos
are Majorana [109, 110]. One interesting model generat-
ing a transition magnetic moment µνeνµ between the νe
and νµ flavors without undue tuning was recently pro-
posed in ref. [15]. In this model, SU(2)H symmetry is
not explicitly broken by gauge interactions – the colorless
scalars ηa ≡ (1,1, 1) and Φa ≡ (1,2, 1/2) come in two
copies (a = 1, 2) as SU(2)H doublets, separately. The
required η–Φ mass mixing is introduced via the Higgs
mechanism. This model therefore has less SU(2)H break-
ing and thus more effectively protects the small neutrino
masses. Since there are no NR states in ref. [15], active–
sterile mixing is not a concern either. Interestingly, the
leading SU(2)H breaking due to the muon Yukawa cou-
pling elegantly generates the correct neutrino mass scale.
We would like to point out that the same can be achieved
with our leptoquarks. Let Sa1 and R˜
a
2 (a = 1, 2) both be
doublets of SU(2)H . Their mass mixing is given by the
lepton number violating operator H†R˜a2
abSb1, while the
role of the τ lepton in ref. [15] is replaced by the bottom
quark. More precisely, the y2 interaction in eq. (30) and
the y1 interaction in eq. (32) are invariant under SU(2)H
when (Le, Lµ) are combined into an SU(2)H doublet.
This is an alternative to the model of ref. [15] for simulta-
neously realizing small neutrino masses and large µνeνµ ,
with quite different collider and flavor phenomenology
worth exploring.
To complete the discussion, we note that the lepto-
quark model for µνeνµ can be embedded in the context of
RPV SUSY, see refs. [111, 112] for an early work in this
direction. Also, for recent studies on the neutrino mass
generation with S1 and R˜2 see refs. [113–116].
V. CONCLUSIONS
In summary, we have discussed neutrino magnetic mo-
ments in a broad context, highlighting in particular the
following take-home messages:
1. While most of the existing literature on this topic
is focused on magnetic moments coupling sub-eV
states, transition magnetic moments with right-
handed neutrinos at larger mass are equally well
motivated, and offer a much richer phenomenology.
2. Direct dark matter searches offer superb sensitivity
to neutrino magnetic moments. Our analysis of
XENON1T data sets some of the strongest limits
on the parameter space spanned by the magnetic
moment µν and the RH neutrino mass MN .
3. A transition magnetic moments of order µν '
6× 10−11 µB (for coupling to muon neutrinos only)
with a RH neutrino mass MN ' 100 keV might ex-
plain the XENON1T anomaly if conservative as-
sumptions are adopted for the SN1987A and CMB
Neff limits.
4. Strong constraints on the parameter space are im-
posed by stellar cooling and BBN. We have car-
ried out in particular a detailed study of the latter.
Other cosmological constraints, which might spoil
the explanation of the XENON1T anomaly, are less
robust: the limit from SN1987A is avoided if the
neutrino flux from this supernova was dominated
by accretion onto the supernova core rather than
cooling of the core itself [37], The CMB measure-
ment of Neff needs to be taken with a grain of salt
in view of the persisting H0 tension, which prefers
Neff > 3.
5. Neutrino magnetic moments and neutrino masses,
both manifestations of chirality-flipping interac-
tions, are typically interlinked in a high-energy the-
ory. Thus, large magnetic moments are difficult to
reconcile with the observed smallness of neutrino
masses. This conclusion can, however, be avoided,
as we have illustrated in a TeV-scale leptoquark
model that has been recently proposed as a solu-
tion to B-physics anomalies and the muon g − 2
anomaly. We have implemented the Voloshin mech-
anism [103] in this model by postulating that the
two leptoquarks appearing in it are members of an
doublet under an approximate SU(2)H horizontal
symmetry. As a result, the phenomenology of the
right-handed neutrinos is dominated by the tran-
sition magnetic moment rather than the active–
sterile mixing, as commonly assumed in the litera-
ture.
Most of our results are concisely summarized in fig. 2,
which collects the various constraints on neutrino mag-
netic moments that we have discussed.
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We believe that because of their rich phenomenol-
ogy and manifold connections to other areas of parti-
cle physics, astrophysics, and cosmology, neutrino tran-
sition magnetic moments are a prime target for current
and future direct dark matter searches, given that these
detectors will be able to set the most stringent terres-
trial limits. Using these detectors in that way high-
lights once more that running modern underground ex-
periments does not mean sitting next to a tank of liquid
and waiting, as some critics have claimed in the past.
Rather, it means operating a multi-purpose observatory
with a rich and diverse physics program, and with re-
sults that will reverberate throughout many domains of
fundamental physics for years to come.
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